To understand the relationship between water permeability and the pore structure of cementitious materials, literature that studied both water permeability and the pore structure are reviewed, and their correlation is studied. Although the majority of this data is for cement paste, mortar, concrete, and cemented soil are also included. Based on this study, it is established the determination coefficient between water permeability and the total pore volume is very low; however, those between water permeability and the critical, threshold, and median pore diameters, respectively, are moderate. On the other hand, the threshold pore diameter, derived based on the percolation theory, exhibits a very high determination coefficient. The calculated water permeability, using the Katz and Thompson equation, agrees with the reported water permeability quantitatively to a certain level, but is overestimated. 
permeability and the total pore volume or the pore volume of a certain pore-size range [5] [6] [7] [8] [9] or critical pore diameter [10] [11] [12] [13] [14] [15] , have been reported. Others have used the critical pore diameter [16] , median pore diameter [17] , or threshold pore diameter [18] as indicators of the pore structure. In these researches, most of the pore-structure indicators in each paper showed good correlation with the water permeability. This is because each research used only their data or few additional data from other researches. As a result, the pore-structure indicator that governs water permeability or the indicator that should be used to estimate water permeability, is not yet clear. It is also important to understand the water permeation phenomena in concrete. With numerical simulation, the water permeability can be accurately calculated based on the simulated pore structure, if their relationship is established.
Furthermore, as mentioned earlier, it is difficult to perform the water permeability test appropriately.
However, once the relationship between the pore structure and water permeability is understood, the water permeability can be estimated by pore-structure analysis, and the result can be used for validating the appropriateness of the test, by comparison.
In this research, by reviewing literature that studied both water permeability and the pore structure of cementitious material, the pore-structure indicator that exhibits the best correlation with water permeability was studied. In addition, the applicability of the Katz-Thompson model [19, 20] to the water permeability of cementitious material was studied because the applicability of this model to cementitious material is still being debated [11, 13, 15, 21] .
Literature Reviewing
In this paper, literature on water-permeability measurement as well as pore-structure analysis using MIP were reviewed. There are several reports on the relationship between water permeability and the total pore volume [5] [6] [7] [8] [9] or critical pore diameter [10] [11] [12] [13] [14] [15] ; if they are included, the quantity of data on these indicators would become considerably more than that on the other indicators, rendering comparison unfair. Therefore, in this paper, only literature that reported the pore-size distribution and the various pore-structure indicators, which can be calculated, were reviewed. The literature used in this paper are listed in Table 1 ; along with the authors, the types of samples are listed. Although most of the data is for cement paste, the data by Tatekawa et al. [24] is for mortar, and those by Sakai et al. [18] is for concrete. The data by de Souza Rodrigues et al. [27] is for cement paste but it includes pulp, whereas that by Matsui et al. [25] is for cemented soil. Li et al. [6] , and Reinhardt and Gaber [12] reported only the derivative curves, and pore-structure indicators, other than the critical pore diameter, could not be calculated; therefore, their data was not used. On the other hand, Tatekawa et al. [24] reported the pore-size distribution as the derivative curves, but in their case, the intrusion steps were clear and the data could be converted into cumulative curves for obtaining the pore-structure indicators. The data reported by Goto and Roy [28] could also be converted into cumulative curves, but the obtained maximum cumulative pore volume did not agree with the reported total pore volume and the partial pore volume could not be obtained; therefore, their data was not used in this paper. Research that measured the water permeability of a specimen with intentional damage [29] was not included because the effect of the damage on the water permeability may be predominant rather than the pore structure, and this is not within the scope of this paper. Some studies used SEM [30] and X-ray CT [7] to measure the pore-size distributions, and compared them with the water permeability; however, the scale of the pore size obtained by MIP is different and comparison becomes difficult; therefore, such data were not used in this study.
In Table 1 , the parameters measured in the water permeability test are also shown. "Flow" indicates the amount of penetrated water from one side and was measured by applying pressure on the other side. "Pressure" indicates the pressure change, and was monitored, while by applying constant flow. "Depth" indicates the penetrated depth, and was measured, when water was forced into dry specimens.
In this paper, the reported values are used as such. Sakai et al. [18] have not published the obtained pore size distribution, but it is as indicated in Figure 1 . Pore diameter (nm) Cumulative volume of intruded mercury
Pore diameter (nm) Cumulative volume of intruded mercury
Pore diameter (nm) Cumulative volume of intruded mercury 
Methodology
The water-permeability coefficient and pore-structure indicators from the reviewed literature were read using the GSYS software (Japan Charged-Particle Nuclear Reaction Data Group, Japan), and their relationships were examined. As indicators, the total-pore volume, and the critical, threshold, and median pore diameters were considered. The total pore volume and median pore diameter were defined as the maximum cumulative intruded mercury volume, and the corresponding pore diameter, when half the total pore volume was intruded by mercury, respectively. The critical pore volume was defined as the corresponding pore diameter, when the derivative of the pore-size distribution reached a maximum. The definition of the threshold pore diameter has not yet been established [31] ; however, in this research, it was defined as the intersection point between the tangential line of the mutational point of the curve slope and the pore-diameter abscissa [11] . Furthermore, we examined the threshold pore diameter defined by Sakai et al. [22] based on the percolation theory, assuming that a connected path was formed, when the volume of intruded mercury reached 16% of the cement paste volume [33, 34] , wherein the corresponding pore size was the threshold pore diameter. Katz and Thompson [19, 20] and Thompson et al. [35] proposed the following equations for calculating the permeability coefficient of a porous rock sample using the critical pore diameter, based on the percolation theory:
where σ is the conductivity of rock saturated with brine solution having a conductivity σ 0 , d c is the critical pore diameter, d max e is the electrical conductivity characteristic dimension that produces the maximum conductance (d max e = 0.34 × d c for a very broad pore-size distribution), and S(d max e ) is the fractional volume of the connected pore space involving pores > d max e . The permeability calculated using Eq. 1 was compared with the reported water permeability.
In some reports, darcy, m/s, or cm/s was used as the unit of water permeability, and these were converted to m 2 , in this paper. m/s was converted to m 2 by multiplying by the water viscosity (0.001 Pa·s) and dividing by the water weight per unit volume (9800 N/m 3 ). Some reports used cc/g or ml/g for the pore volume, and these were converted into the pore volume per unit volume by multiplying with the bulk density, which was calculated using the following equations:
where ρ a is the bulk density, ρ t is the true density, and φ m is the total pore volume per unit mass. ρ t was assumed to be 2.7 g/cm 3 and 2.5 g/cm 3 for cement paste and mortar, respectively.
In the method proposed by Sakai et al. [32] , the volume fraction of the cement paste of the sample used in the MIP is required. For the mortar used by Tatekawa et al. [24] , and the concrete used by Sakai et al. [18] , based on the mix design, the volume fraction of cement paste was calculated by subtracting the volume of sand and gravel from unit volume (1 m 3 ). Matsui et al. [25] provide the amount of cement and water per sand volume of 1 m 3 . In this case, the weight of the cement paste was calculated by adding the weight of cement and water, and the volume of the cement paste was calculated, assuming a bulk density of 2 g/cm 3 , for calculating the volume fraction of cement paste in cemented soil.
For comparing the correlations, the determination coefficients were calculated assuming an exponential approximation because all the indicators showed the highest correlation, when an exponential approximation was assumed. In the reviewed literature, the total pore volume was measured by performing MIP or measuring the saturated and oven-dried weights; however, as the latter was employed only in few studies, in this paper, the former was used for comparison.
Results
Figures 2-6 depict the comparison between the water permeability and pore-structure indicators. The broken lines in the figures are the regression lines, assuming an exponential approximation. Figure 2 shows the relationship between the total pore volume and water permeability; the determination coefficient was very low at 0.12. Here, data, other than the cement paste, include the effect of sand;
hence, the comparison is not fair. However, omitting these data increased the determination coefficient only to 0.16. Therefore, the total pore diameter has low correlation with the water permeability. respectively. Among them, the critical pore diameter showed the highest determination coefficient at 0.73, whereas those of the median and threshold pore diameters were lower at 0.67 and 0.63, respectively. As mentioned earlier, many researchers have the used critical pore diameter, when discussing the relationship between the pore structure and water permeability, and this was proved to be appropriate. Figure 6 shows the relationship between the water permeability and threshold pore Hughes [23] Tatekawa et al. [24] Matsui et al. [25] Phung et al. [26] de souza Rodrigues et al. [27] Sakai et al. [18] diameter, obtained by a method based on the percolation theory; the determination coefficient was very high at 0.86, indicating that there is strong correlation between them.
Water permeability (m 2 ) Critical pore diameter (nm) Fig. 3 Relationship between water permeability and the critical pore diameter quantitatively to a certain degree, even when no adjustment factor is included. El-Dieb and Hooton [13] also reported that the calculation overestimates. Therefore, if some variation is permitted, the Katz-Thompson model can estimate the water permeability quantitatively without an adjustment factor.
Water permeability (m 2 ) Threshold pore diameter (nm) Fig. 5 Relationship between water permeability and the ordinary threshold pore
Cui et al. [22] Hughes [23] Tatekawa et al. [24] Matsui et al. [25] Phung et al. [26] de souza Rodrigues et al. [27] Sakai et al. [18] 
Water permeability (m 2 ) Threshold pore diameter (nm) Fig. 6 Relationship between water permeability and the threshold pore diameter obtained based on the percolation theory
Cui et al. [22] Hughes [23] Tatekawa et al. [24] Matsui et al. [25] Phung et al. [26] de souza Rodrigues et al. [27] Sakai et al. [18] On the other hand, Figure 8 shows the relationship between the measured and calculated water permeability, using the following regression equation. This regression equation was obtained from Figure 6 and is used for calculating the water permeability, using the threshold pore diameter derived based on the percolation theory. 
where d thp is the threshold pore diameter derived based on the percolation theory. Cui et al. [22] Hughes [23] Tatekawa et al. [24] Matsui et al. [25] Phung et al. [26] de souza Rodrigues et al. [27] Sakai et al. [18] Reported water permeability (m Hughes [23] Tatekawa et al. [24] Matsui et al. [25] Phung et al. [26] de souza Rodrigues et al. [27] Sakai et al. [18] Thompson equation. Therefore, even though the Katz-Thompson equation can estimate the water permeability with a certain accuracy, Eq. 5 provides higher accuracy, as per Figure 8 . Therefore, the results indicate that for calculating the water permeability based on the pore structure, the threshold pore diameter can be derived based on the percolation theory and converted to water permeability using Eq. 5. However, in the method proposed by Sakai et al. [28] for obtaining the threshold pore diameter, when the porosity of the cement paste portion is less than 16%, the threshold pore diameter cannot be obtained. This is because the pore is judged to be discontinuous, according to the general percolation theory [29] . We can use the Katz-Thompson equation, but as per Figure 7 , this equation overestimates when the water permeability is small; therefore, this equation is unsuitable for estimating the water permeability in this region. Thus, calculation using the critical diameter can be a possible option and the following is the regression equation:
where d cr is the critical pore diameter.
Another problem in the method proposed by Sakai et al. [28] for obtaining the threshold pore diameter is that although the percolation threshold was assumed to be 16%, it is not clear whether this value is optimum because the threshold can deviate from 16%, depending on the conditions [29] . Bentz et al.
[32] performed numerically simulated cement hydration and reported that the percolation threshold was 18%. By optimizing the percolation threshold, the correlation between water permeability and the threshold pore diameter can be improved. In either case, the high correlation indicates that water permeability in cementitious materials is likely to be governed by the threshold pore diameter derived based on the percolation theory.
Conclusion
Various literature were reviewed, and the relationship between water permeability and the pore structure was studied; the threshold pore diameter derived based on the percolation theory showed the highest determination coefficient. The critical pore diameter showed a relatively high determination coefficient but that of the total pore volume was very low. The water permeability calculated using the regression equation of the threshold pore diameter, derived based on percolation theory, showed higher accuracy compared to that obtained using the Katz-Thompson equation. These results indicate that the water permeability in cementitious materials is likely to be governed by the threshold pore diameter derived based on the percolation theory. Using the obtained regression equation, when the pore structure is obtained by analysis or simulation, the water permeability of cementitious materials can be estimated from the threshold pore diameter derived based on the percolation theory. In this paper,
